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AND ROLL 


FROM HORIZON EXPOSURES ON KH-4 SATELLITE PHOTOGRAPHY 


INTRODUCTION 


Horizon photographs are used to determine 
the pitch and roll components: of the KH-4 
vehicle's attitude or, more properis, of an or- 
hiring camera’s attitude. Horizon Phaographs 

do nat give any yaw information in cases where 
the primary or pan camera is aimed at the nadir 
‘Figure 1). The determination of pitch and ral! 
it simple and straightforward, and good approxi - 
mations of bath pitch and roll are easily obtained 
fram simple measurements and computation. * 
When the primary camer.t ix net oriented toward 
the nadir and the horizon cameras are attached 
to the primar camera sothat the horizon pharas 
have an apparent swing. an isthe cure with KH-4, 
~ the measurements are restricted to a smaller 
section of the horizon image and the dut. re- 
duction becomes more complicated (Figure 2). 
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FIGURE 1. WORIZON IMAGE FOR VERTICALLY ORIENTED 
PRIMARY CAMERA. : 


Many reduction systema have been pro- 
posed and uaed. hey range from the ex- 
tremety simple ones where simple scales are 
used to measure the image and the computation | 
is done graphically, to the complex ones where 
precise machines are used to measure the image 
and the computation is accomplished with a 
computer. The following is presented as a 
solution falling between the extremes, but def- 
initely toward the more complex approach. 
‘Ihis determination of pitch and roll from 
horizon photographs is tailored to be practical 
for the reduction of a large number of photo- 
xraphs. It is assumed that measurements are 
made with a comparstor, such as a Mann 
instrument, and that the cumputation is per-— 
formed by a computer. 
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FIGURE 2. WORIZON IMAGE FOR PITCHED PRIMARY 
CAMERA. 


DEFINITIONS 


Yaw, pitch, and roll are taken as artheysen.e! 
rmations ubout the three mutually perpendicular 
primary photo axes having their origin at the lens 
(Figure 3). Yaw os considered primary, pitch 
recondiry, and rall tertiary. Since a mechanic.l 


*The firal re=glt t= aan ern frow. m csgnificant etrer ariens 
UF Clee: etomtifee atior and measyrement ef the Aemizer eeage 


gimbal system is not involved. the ordering of the 
orientation rotations is arbitrary though neces- 
sary to adequately define them. Swing, S, is a 
rotation of the x-y-axes about the z-axis in 
the plane of the photograph. Swing is positive 
when the x-y-axes are rotated tothe left as seen 
from a point on the positive 2-axis. 
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FIGURE 3. ATTITUDE COMPONENTS. 


MEASUREMENTS 


The measurement of image points ts done 
with respect to an axis system an the phrrograph 
having its origin at the principal point. Ten 
points are measured on cach horizon frame, as 
shown in Figures 4 and 5. The 4 fiducial marks 
are read firat and then 6 points on the horizon 








image. Points 5 and 10 should be chosen as 
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FIGURE 4 MEASUREMENT POINTS. 
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far apart as possibic, anc points 6 through 9 
should be approximately evenly spaced between 
them. 


COMPUTATION 


the following phato measurements: 


te, ‘s,.¥,*- end fiducial mark 
side fiducial mark 
batty S—'° Opposite end fiducial mark 
Fe. '%a:3e°° Opposite side fiducial mark 
1, throws @,9* approximately evenly spaced 
points on the horizon image. 
The principal point is determined from the intcr- 
nection of two straight lines. Instrument toler- 
ances in placing the fiducial marks prohibit the 
method of taking the average coordinates of op- 
posite fiducial marks. Irom the equation of a 
straight line: 
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These equations represent the fiducial lines de- 
fined by the opposite fiducial marks. Their 
simultaneous solution gives the coordinates of 
the principal point. It is convenient at this step, 
but not necessary, to reduce the coordinates of 
the points on the horizon curve to the principal 
point origin, i.e.: let 
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FIGURE 5. ROLL COMPONENT (d) AND SWING (S). 
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Assuming the horizon image to be circular, 
the center is found from the circle of best fit in 
the sense of least squares. It is worthwhile to 
note that the horizon image is not circular but, 


because such a small section of the actual hyper- 


bolic curve is given, there is no practical dif- 
( , , 
the circle. From the gencral equation of a 
circle: | nro Fe Ane Hp eo Ce. 


There are six ot = of hig ‘om 


see) mise) weet) tere 


which give the following scene equations: 
A aH ¢: | 
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and 
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The simultaneaus solution of these normal cqua- 
tions gives the coefficients of the equation of the 





circle. ‘Then the center coordinates of the circle 


are: toy and x °¢ 


| The roll component, « onthe pho is merely the 


difference between the radius of the circle and 
the distance fromthe principal point tothe center 
of the circle (Figure 5): 
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The rail component ;. , forthe Reclsancamera is 


determined by: 
pict”! ‘. 


where t is the calibrated focal length of the 
horizon camera. 
Swing is given by: 
| B' eta” K 
; a’ 
Becaure the y-axes of the horizon camera 
and the primary camera are nat exactly parallel, 
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the calibration data are used to rotate the hori- 
zon camera axes to parallel those of the primary 
camera. This rotation is significant in swing. 
The correction to the sawing is 
1K 

vp | 
where b, 8, and « arecalibration numbers given 
in the KH-4 calibration port horizon 
camera of the forward set. Then 

Swk oe An 


The computation thus far is computed for 


AS ~ tan 


‘both the starboard and port horizon cameras 


and then the average roll component, 
P, ‘ Pp. 


on 
Po F . 





2 
is used to compute the dip angle, v: ,for the port 
horizon camera measured inthe principal plane. 
This operation begins an iterative loop which 
ugually yields good results in three cycles. The 
projection of the preset or “built-in” dip, p, to. 
the principal plane is | 

Dt se am™ inn Deen d). 2. 0 woe e (L) 
where 6 is replaced by S for the first approxi- 
mation. Then the roll in the Principal plane is 

| Prod’ Pa, wee ee 2. (2) 

and the roll in the pitched plane is ~ 


. : an?’ . 
rout (Se), ve ce eee 3) 
where < is replaced by S for the first approxi- 


mation. The azimuth of the principal plane is 


computed from the expression | 
wrtan’ (an Puind),, ....-.- (4) 


where ¢ is replaced by S for the first approxi- 
mation. Delta is really half the tilt of the 


_ horizon photo, therefore 
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which gives all of the components required to 
compute the pitch: | 

| 3 = tan”! funn 8 + tan @) con otan 8]... . » (6) 
New values for #, 8, =, and 6 are computed 
using the lagt computed values in equations 
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(ly through (6). Three nerations are usually 
enough. The values of (equation 3) and sequa- 
tion 6) refer to the left horizon photo. | 
The pitch and roll for the primarv camera is 
determined hy adding the calibration data. The 
AKRE-4) calthbration data provides the following: 
ly - the y -coordinate of the pan camera 
calibration mark. ‘Then the pitch far the pan 
camera is given hv 
. a ie! 


oe, Oocte 


where # is the calibrated focal length of the 
pan camera. in the case of roll, the KiH-4 


calibration data is: 
Jou.) the v-coordinate of the horizon cam- 
era calibration mark, which ix co-planar with 
3.4. - the \-coardinate of the pin camer. 
tome corresponding murk, | 
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Then the rail for the pan camera 1s 

Pi. #, Tene tant! e oe 

Pte Me See. (8) 

If only one horizon photo is used. the al- 
tisude is used in the computation. In this case 
* aig computed 2s above, and thea sil: is deter- 
mined fram # 
bw 


where R is the mean radius of the earth and tl 
x the altsztude abave the surface. The insen- 
sitivity of this solution indicates that the radius 
approximation is valid. Then 

6 


nd! 


? tet 


Now the three-cycle iteration with equations 
I through (6) will vield she pitch and roll, for 
the horizon camera. 





. McC chSt* 16°O8. 


FIGURE 6. GEOMETRY OF TILTED HORIZON PHOTO. 
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APPENDIX 


Derivation of Equations 3, 4, and 6 (Fig- 3. Equation (6): 


ure 6). 
!. Equation (3): 
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2. Equation (4): 


rp fan and 


ere . fran ? 


ae tan”! scan ? on 1. 


GK KQ-GQ 
area or” 
KQ = KM nec os ftan one ec. 
GQ - GN tan sf tan 5 ane. 


tan 8 


f twa d ner o -f ton & tan © 


Re 
ae fan} 
Rearranging: 
mat < tna 5 tan # + tan bans ; 


arc « 


é= tan” fan § + lan «) cane tan &|. 
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